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behaviors under environments simulating the localized conditions that components experience during start-up 
and shut-down. In particular, a number of TMF tests on Ni-based superalloys, which are used in the 
components operating under such aggressive environments, have been conducted by previous researchers[1-9].  
However, the effect of TBC on the TMF life of a superalloy does not seem to have received much attention 
compared to the attention given to the superalloy itself, even though TBC is applied to most commercial gas 
turbines. Moreover, despite the importance of GTD-111 in gas turbines, researches on the TMF behavior of this 
material have not been adequately reported. 
In this study, TMF tests on GTD-111, a Ni-based superalloy, were perfomed to evaluate the TMF life and 
behavior of the material under in-phase (IP) and out-of-phase (OP) conditions. 
Also, to evaluate the effects of TBC on the TMF life of GTD-111, tests on GTD-111 with TBC were 
performed under the same conditions. Also, the fractured surfaces of specimens were analyzed, and the causes 
of various crack initiations are discussed. 
2. Specimens and thermo mechanical fatigue test 
2.1. Specimens 
Specimens were prepared according to ASTM-E2368-04 with GTD-111 applied for industrial gas turbines. 
Table 1 shows the chemical composition of GTD-111. The specimen specification was as follows: a cylinder 
shaped specimen with a 40mm uniform axial gauge section had an 11mm diameter with a hollow core of 5mm 
in diameter. In addition, to prevent the initiation of fatigue cracks from defects on the inner surface of the 
specimen, the bore of the specimen was finished by honing. 
Half of the specimens were coated with TBC which consist of metalic bond coat(MCrAlY) and ceramic top 
coat(8%YSZ) layers by using the APS (air plasma spray) method. After the coating process, the thickness of 
each coat layer were measure. Average thickness of bond coat and ceramic top coat layers are 82.8ȝm and 
235.9ȝm, respectively. 
2.2. Experimental details 
Strain controlled TMF tests were carried out in uncoated and coated specimens using total strain (İt) 
amplitudes of ±0.54 to ±0.85% under IP and OP conditions. Tensile stress is applied to the specimen at the 
maximum and minimum temperatures in the case of IP and OP conditions, respectively. The length of 1 cycle 
was chosen as 20 minutes by considering the real operating heating and cooling times of an industrial gas 
turbine. A temperature range of 400 to 800  was applied during the test. Fig.1 shows the temperature variation 
of the furnace used for the test. To calculate mechanical strain (İm) from the total strain, thermal strain (İth) was 
measured before the test by measuring the strain with varying temperature under the zero axial force condition. 
After the tests, mechanical strain (İm) was calculated by using equation (1) which is suggested in ASTM-
E2368-04. 
İm = İt - İth   (1) 
Instead of the mode commonly used technique of induction heating which only can heat up metalic 
meterials, an electric furnace was chosen to increase the temperature of the specimen to simulate the real heat 
transfer conditions of a gas turbine, in which heat is transferred from the hot combustion air to the substrate 
through the TBC. 
 
Table 1. The composition of GTD-111. 
Component Ni Co Cr W Mo Ti Al C B Ta 
wt(%) Bal. 9.5 14 3.8 4.5 4.9 3 0.1 0.01 2.8 
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Fig. 1. Temperature variation of the furnace. 
3. Results and dicussion 
3.1. TMF life evaluation 
In the cases of both the uncoated and coated specimens, the IP TMF life is shorter than the OP TMF life. 
This phenomenon seems to be induced by the increased creep effect under the IP condition, in which specimens 
are exposed to maximum tensile stress at peak temperature. In other words, the creep effect under the OP 
condition, where specimens are exposed to maximum compressive stress at peak temperature, is relatively 
small. 
In the cases of both IP and OP conditions, the TMF life of the uncoated specimen is greater than that of the 
coated specimen in the high strain region. It seems that mechanical fatigue is the main cause of failure in the 
high strain region. The surface temperature of the coated specimen is relatively lower than that of the uncoated 
specimen due to the temperature drop at the TBC, so the temperature induced softening effect in coated 
specimens caused by the high temperature is smaller than that in uncoated specimens. This means that coated 
specimens are exposed to higher stress than uncoated specimens at the same strain condition. Thus, this higher 
stress of the coated specimens seems to accelerate the mechanical fatigue fracture of these specimens[3].  
However, the TMF life of the coated specimen is longer than the TMF life of the uncoated specimen in the 
low strain region. In this case, where the specimens have relatively longer lives and exposure times at high 
temperature, the dominance of the creep effect increases. Therefore, thermal protection by the TBC seems to 
decrease the creep effect which impies a positive effect on coated specimens. Fig.2 shows the TMF lives of 
uncoated and coated specimens. 
 
Fig. 2. TMF life of uncoated and coated specimen under IP/OP conditions. 
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In this paper, mechanical fatigue and creep are emphasized as the factors determining the TMF life of a 
metal material. However, there have been contradictory reports on the creep effect on TMF lives of Ni-based 
superalloys[5-7]. Nicholas et al. [9,10] suggested that the impact of creep damage on the TMF of Ni-based 
superalloys is negligible, while R. Kitazawa et al. [8,11,12] reported that creep is an important fracture 
mechanism of TMF of Ni-based superalloys. These contradictory reports are the result of not only the 
differences among the characteristics of various Ni-based superalloys, but also the differences between the 
experiments themselves. The time period of the test cycle and the temperature condition can accelerate the 
creep effect on the TMF life. The creep effect should be considered as an important failure mechanism, because 
the time period and temperature range in this study simulate the start-up and shut-down conditions of a real 
industrial gas turbine. 
3.2. Analysis of fracture surface 
3.2.1. Uncoated specimens 
Figure 3 shows the fracture surfaces of uncoated specimens. Multiple crack initiations were found in IP-
uncoated specimens and cracks propagated perpendicularly to the loading direction. Also, it seems that crack 
initiation took place at the outer surface of IP-uncoated specimens, and propagated perpendicularly to the 
loading direction. Hong et al.[8] reported that crack initiation at the surface of an uncoated Ni-based superalloy 
under the TMF condition occurs due to the accelerated corrosion and oxidation caused by the high temperature 
conditions. In addition, Kitazawa et al.[6] also reported corresponding results such as multiple crack initiations 
and perpendicular crack propagation against the loading direction. 
 
(a)  (b)  
Fig. 3. Micrographs of the fractured surface of uncoated specimens after TMF tests(a)IP-TMF, (b) OP-TMF. 
3.2.2. Coated specimens 
Figure 4 shows the fracture surfaces of coated specimens. The crack initiation was at the inner surface due to 
the accelerated corrosion and oxidation caused by the high temperature conditions and propagation was by 
mechanical fatigue under IP cycling. 
However, in the case of OP-coated specimens, the crack initiated from the outer surface and oxidation and 
corrosion of the substrate could not cause the crack initiation due to the protection of the thermally grown oxide 
layer (TGO). Nutzel et al.[9] reported that crack initiation at the coated surface takes place due to mechanical 
property changes induced by Ni-Al diffusion between the bond coat and the substrate and because of thermal 
stress induced by the thermal expansion mismatch among the bond coat, TGO and substrate. Multiple crack 
initiations at the bond coat layer were found, and some of these cracks penetrated the bond coat layer and 
propagated into the metallic substrate, as shown in fig.5 which is coresponding to previous report[9]. Therefore, 
mechanical property changes induced by Ni-Al diffusion between the bond coat and the substrate and thermal 
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stress induced by the thermal expansion mismatch among the bond coat, TGO and substrate were also very 
important fracture mechanisms in GTD-111 with TBC 
Also, as shown in fig. 4, delamination of TBC takes place at the area the fracture initiate. However, there is 
not any evidence delamination took place before the fracture and influence the the fracture mechanism. It is 
rather considered that delamination took place due to the fracture of the specimen. 
 
(a)  (b)  
Fig. 4. Micrographs of the fractured surface of coated specimens after TMF tests,IP-TMF, (b) OP-TMF. 
 
Fig.5. Crack initiation at bond coat layer (OP-coated specimens) 
4. Conclusions 
• Out-of-phase TMF lives of both uncoated and coated GTD-111 were evaluated and found to be longer than 
the in-phase TMF lives of the material, because the combination of high temperature and tensile stress under 
the IP condition accelerates the creep effect, and because compression stress at high temperature under the 
OP condition reduces the creep effect in the material.  
• Comparing the TMF lives of uncoated with coated specimens under the IP condition, in the high strain 
amplitude region, shows that the TMF lives of uncoated specimens are longer than the lives of coated 
specimens, because coated specimens are exposed to higher stress conditions than uncoated specimens by 
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the thermal protection of the TBC reducing the surface temperature of the specimens and the high 
temperature softening effect. 
• In the low stress amplitude region, TMF lives of coated specimens under both IP and OP conditions were 
evaluated to be longer than the TMF lives of uncoated specimens. In this region, where specimens are 
exposed to high temperature and stress for relatively longer than in the high strain region, it seems that the 
creep effect increases. Thus, in this case, thermal protection by TBC seems to have a positive effect on the 
TMF life of the metal material. 
• In the case of uncoated specimens, the crack initiated from the outer or inner surface due to the accelerated 
oxidation of the substrate caused by the high temperature. 
• In the case of IP-coated specimens, the crack initiated from the inner surface due to the accelerated 
oxidation of the substrate caused by the high temperature. However, in the case of OP-coated specimens, the 
crack initiated from the outer surface due to mechanical property changes induced by Ni-Al diffusion 
between the bond coat and substrate and because of thermal stress induced by the thermal expansion 
mismatch among the bond coat, TGO and substrate. 
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